thermodynamically characterized the full length ID N-terminal domain (NTD) of human glucocorticoid receptor (GR) and two of its naturally occurring translational isoforms. The protective osmolyte trimethylamine N-oxide (TMAO) was used to induce folding transitions.
Each of the three NTD isoforms was found to fold cooperatively and to attain a native state that is thermodynamically indistinguishable (based on m-values) from a globular protein of similar size. The extrapolated stabilities for the NTD isoforms showed clear correlation with the known activities of their corresponding GR translational isoforms. The data reveal that the full length NTD can be viewed as having at least two thermodynamically coupled regions, a functional (F) region, indispensable for GR transcriptional activity, and a regulatory (R) region, whose length serves to regulate the stability of NTD, and thus the activity of GR. These results suggest a new functional paradigm whereby steroid hormone receptors (SHRs) in particular, and ID proteins in general, can have multiple functionally distinct ID regions that interact and modulate the stability of important functional sites.
The classic view of protein structure-function relationships has been challenged by the increasing number of proteins, particularly cell signaling proteins and transcription factors, found to contain ID regions (1) (2) (3) (4) . Many of these ID regions have binding sites for protein partners, and folding coupled with binding often occurs when these regions encounter such partners (1, (4) (5) (6) (7) . Thus, in some cases the conditionally folded states (which may be transient) are presumed to be among the functional states of ID proteins. Mutation, truncation and translocation of ID regions have been implicated in a variety of diseases (5, 8, 9) . However, the mechanisms by which these ID regions regulate protein functions are largely unknown. Osmolyte-induced folding of some ID proteins has been reported, and the induced folded states were determined to be functionally relevant (10, 11) . These results pave the way for more quantitative studies on the role of folding and stability of these ID regions in mediating function. However, the folding cooperativity is not well characterized (12) , nor is the degree to which folded states of ID proteins resemble their folded globular counterparts. Although it is well known that amino acid composition of ID proteins differs significantly from that of globular proteins (3, 4) , it is not known at what level these differences are manifested. Are the folded states of ID sequence qualitatively different from globular proteins, or can the folded, native states of ID proteins be understood in terms of the same thermodynamic principles that describe globular proteins?
To address these questions, we carried out thermodynamic characterization of the ID Nterminal domains (NTDs) of three human glucocorticoid receptor (GR/Nr3c1) translational isoforms. GR is a hormone dependent nuclear transcription factor in the steroid hormone receptor (SHR) family that contains three modular domains: the ID NTD (NTD, GR 1-420), the DNA binding domain (DBD, GR 421-486) and the ligand binding domain (LBD, GR 528-777). The ID NTDs for SHRs are extremely important for transcription regulation, serving as hubs to recruit co-regulators that form the final transcription complex (13) (14) (15) . Within the human GR NTD, mutational mapping has identified a sub-region, termed the activation function-1 (AF1) region, which is comprised of residues 77-262, and is essential for the full transcriptional activity of the receptor (16) . AF1 regions are found in all SHRs, but differ widely in size and primary sequence (15) . Although constructs that lack NTD residues outside of the AF1 region are able to stimulate transcription in the context of simplified promoterreporter systems (17) , several pathogenic mutations have been mapped to these non-AF1 regions (18) , indicating that sequences outside AF1 do indeed play a role in maintaining or tuning function.
This has also been demonstrated recently, with the identification of several human GR NTD translational isoforms differing only in the lengths of their ID NTDs (19) (Fig.1) . These isoforms have varying activities, different tissue distributions, unique gene regulation sets, and have been shown to derive from a single GR mRNA through well known translational regulatory mechanisms (19) . With the exception of the GR isoforms that truncate the entire AF1 region and thus presumably ablate co-activator binding, all other isoforms are active and possess different potencies in transcription regulation (19) . Especially intriguing is the observation (discussed below) that the deletion of as few as eight amino acids results in an almost two-fold increase in activity (19) .
Here we investigate the thermodynamic basis for these results by examining the ID NTDs of three representative human GR translational isoforms, GR A-NTD, GR C2-NTD and GR C3-NTD, which correspond to GR 1-420, GR 90-420 and GR 98-420 in the full length GR, respectively (Fig. 1) . To determine the stability of the folded conformations of these ID proteins, the naturally occurring protective osmolyte trimethylamine Noxide (TMAO) was employed to induce their unfolded to folded transitions. Protective organic osmolytes are small molecules in cells that function to stabilize and protect intracellular proteins against commonly occurring denaturing environmental stresses (20, 21) . TMAO has been demonstrated to force thermodynamically unstable proteins to fold and regain high functional activities (10, 22, 23) , and thus are ideal compounds to study folding/unfolding reactions.
In summary, for each isoform we find a TMAOinduced cooperative folding transition to an apparent globular protein-like folded conformation. Our results demonstrate that the GR NTD contains at least two thermodynamically coupled, but functionally distinct regions; one regulatory (R) and the other functional (F). Use of alternative translation start sites in cells, to vary the length of R region, results in GR translational isoforms of varying stability and activity. We show that this activity is correlated to the stability of each isoform, that is, to its inherent propensity to fold.
EXPERIMENTAL PROCEDURES
Protein expression, purification and storagePlasmids to express GR A-NTD, GR C2-NTD, GR C3-NTD, and GR1-97 with 10 tandem histidines tagged on both N and C termini were optimized for E.coli expression, synthesized by DNA 2.0 (Menlo Park, CA), and inserted into the pJ401 bacterial expression vector under T7 promoter control. BL21(DE3)pLysS competent cells (Novagen) transformed with expression plasmids were plated on LB plates with 30ug/mL Kanamycin and incubated at 37°C for 24 hours. Single colonies were picked, inoculated into 50mL LB medium with 30ug/mL Kanamycin and grown overnight at 30°C with shaking at 250rpm. The following morning, 10mL of each overnight culture was transferred to 500mL LB medium and grown at 37°C to OD 600 0.8. The temperature was adjusted to 15°C, and after 1hour, the culture was induced by 1mM isopropyl-β-Dthiogalactopyranoside (American Bioanalytical). After 18 hours at 15°C with shaking at 250rpm, the E.coli cells were collected by centrifugation for 15min at 5000rpm at 4 °C, and the pellets were washed with cold PBS and recentrifuged. To the cell pellets from 2L culture was added 50mL denaturing lysis buffer (6M guanidine hydrochloride, 100mM monosodium phosphate, 10mM Tris, 20mM imidazole, pH 8.0) plus one complete-EDTA-free protease inhibitor cocktail tablet (Roche). Cells were lysed by twice flash freezing in a dry ice and ethanol mixture for 20 min and then thawed for 10 min in a 42°C water bath. The cell lysate was centrifuged at 30,000g and 4 °C for 1hour. The supernatant from 4L induced cells was loaded by gravity flow onto an FPLC column packed with 20mL Ni-NTA superflow resin (Qiagen) pre-equilibrated with the denaturing lysis buffer. After thorough washing the column with the denaturing lysis buffer at a flow rate of 2mL/min, protein was renatured on the column by flowing through native lysis buffer (100mM monosodium phosphate, 10mM Tris, 20mM imidazole, pH 8.0). Afterwards, native lysis buffer containing 200mM imidazole was applied to the column at 2mL/min, to wash out contaminants and degradation products with Histag only on one terminus. Finally, target protein was eluted from the column by native lysis buffer containing 500mM imidazole. Protein purity was checked by SDS PAGE. The purified target protein was dialyzed against storage buffer (10mM HEPES, 80mM NaCl, 1mM EDTA and 10% glycerol, pH 7.6). Protein concentration was then determined by A 280 according to the Edelhoch method (24) . Each 500uL protein aliquot in a 1.5mL Protein Lobind Tube (Eppendorf) was then flash frozen in an ethanol-dry ice bath and stored at -80°C.
Preparation of TMAO buffers -Trimethylamine-N-oxide Dihydrate (98% pure, Acros Organics) was dissolved in 100mM Tris, 200mM NaCl, 50mM Arginine buffer to make the 0M, 0.5M, 1M, 1.5M, 2M and 2.5M TMAO buffers. The pH was adjusted to 7.4 for each buffer separately. To absorb any impurities, activated carbon, 12-20 mesh (Sigma-Aldrich), was added to each buffer solution and stirred for 30min while protected from light. The buffer was then filtered (0.22um filter, Millipore), divided into aliquot fractions, and stored at -80°C. TMAO buffers with similar concentrations were mixed to obtain the target TMAO concentrations used in the fluorescence measurements, thus minimizing the pH changes that could occur from mixing two TMAO buffers with a large concentration difference. To aid protein solubility (25) , arginine was included in the TMAO buffers to a concentration of 50mM; this efficiently prevented protein aggregation.
Circular Dichroism spectra -Far UV circular dichroism spectra for GR A-NTD, C2-NTD, C3-NTD and GR1-97 were recorded at 22 °C with on an Aviv CD spectrometer (Model 215) from 250nm to 190nm, with the bandwidth of 1.0 nm and scan step of 1 nm, in a 0.1-cm quartz cell. All the spectra were recorded in PBS buffer (137mM NaCl, 7mM Na 2 HPO 4 , 3mM KCl, and 1.4mM KH 2 PO 4 ) and were corrected for the contribution of respective buffers. Each spectrum shown is an average of three spectra. Molar ellipticities at 200nm and 220nm for each construct were employed in this study to compare with the available values for the ID proteins (36) and those from the circular dichroism databank (37) .
TMAO induced protein folding transitions monitored by tryptophan emission fluorescence intensity -Fluorescence emission spectra for each purified recombinant GR NTD construct were measured using an Aviv ATF 105 fluorometer (Aviv Biomedical) in TMAO buffers of varying concentrations. Freshly prepared dithiothreitol 1M stock solution was added to TMAO buffer to final concentration of 1mM. Protein at 0.5µM in a volume of 150µL TMAO buffer was allowed to rest in a "sub micro" fluorometer cell at 22°C (Santa Cells) for 5 minutes to allow for temperature stabilization and protein conformation equilibrium to be reached. Emission spectra were then recorded with excitation at 295nm. All spectra were corrected for the contribution of buffer.
Fluorescence emission intensities at 338nm were recorded as a function of TMAO concentration and normalized to the intensity at 0M TMAO concentration. The resulting sigmoid curve was fitted to a two-state cooperative folding transition using the linear extrapolation method (LEM) to determine the stability (∆G U→F ) and mvalue for each construct (26) . The LEM method has been shown to be valid for fitting the data of protecting osmolyte induced folding of ID proteins (27) .
Protease protection assay -Protease digestions of purified GR A-NTD, GR C2-NTD and GR C3-NTD proteins at 1mg/mL were performed with sequencing grade trypsin (Promega) at 22˚C. Digestions were performed at protein:trypsin mass ratio of 1000:1 in 10mM HEPES, 80mM NaCl, 1mM EDTA and 10% glycerol buffer (pH 7.6) for 0min, 5min, 10min and 30min. Digestions were quenched by mixing the protein and trypsin mixture with 6x Laemmli sample buffer and boiling at 100°C for 10min. A 40µg sample at each time point was separated on 4-15% Tris-HCl gel (Bio-Rad) with SDS-Tris-Glycine gel running buffer.
Assessment of side chain and backbone contributions to the m-value for TMAO-induced
folding -The m-values were calculated based on the group transfer free energy (GTFE) model (28) using experimentally measured values for the backbone and the side chain contributions (12, 29) . Briefly, the m-value considers each residue's contribution using the difference in exposed surface area (SA) to a 1.4Å rolling sphere in the native state (crystal structure) relative to the denatured state (average SA from library of Gly-X-Gly rotamers):
where n i is the total number of groups of type i present in the protein, Δg o tr is the free energy of transfer of the side chain (SC) or backbone (BB) from aqueous solution to 1M TMAO, and Δα i is the fractional change in solvent accessibility from native to denatured state (12, 29) .
Crystal structures with diverse folds chosen for analysis were RNase T1, P Protein, Staphylococcal nuclease, spermwhale myoglobin, carbonic anhydrase, adenylate kinase, triose phosphate isomerase, prophobilinogen deaminase, map kinase, phosphoglycerate dehydrogenase, and seryl tRNA synthetase (PDB IDs in Supplementary Table S1 ). Only the A-chain was considered for calculations in the asymmetric unit and any bound metals and/or ligands were removed. For sensitivity analyses, every amino acid was changed (i.e. so that there is 0% sequence identity between mutant and WT sequences) based on expected probabilities from the BLOSUM62 matrix (30) and a similar substitution matrix for order to disorder mutations (31) . 100,000 in silico mutant sequences for each protein were generated and the m-value were recalculated using the same fractional change in solvent accessibility (Table  S1) .
RESULTS

Naturally occurring osmolyte TMAO can induce cooperative folding transitions in the ID NTDs of different GR translational isoforms -Tryptophan
(Trp) emission spectra were measured for the GR A-NTD, GR C2-NTD and GR C3-NTD constructs in buffers with different TMAO concentrations using an excitation wavelength of 295nm. (Note: All three constructs contain two Trp residues, corresponding to positions 213 and 364 as numbered in the full length GR A-NTD). As shown in Fig. 2 (inset), in the absence of TMAO, the maximum emission wavelength is 348 nm for GR A-NTD construct. The same was also found for GR C2-NTD and GR C3-NTD constructs (data not shown), indicating the Trp residues are solvent exposed in the ID proteins. In the presence of 2.2M TMAO, however, the emission wavelength maximum shows a significant blue shift (338 nm versus 348 nm), indicating that TMAO induces a conformation wherein the Trp side chains are excluded from solvent. The transition from the unfolded to the folded forms of each construct was followed by monitoring the fluorescence intensities at 338 nm as a function of TMAO concentration. As shown in Fig. 2 , a clear sigmoidal transition is seen for each construct, suggestive of a TMAO-induced folding transition. These data were fit to a two-state model using the linear extrapolation method (LEM), which assumes that the stability of the folded state varies linearly with TMAO concentration (26) . From the fits, the free energy of the folded state (relative to the unfolded state), ∆G 0 U→F , was determined for each construct (Table 1) . The m-values, which represent the linear denaturant dependence of the apparent stabilities (i.e. the slopes of the free energy changes), were also determined from the fits ( Table 1 ). The significance of the m-values is discussed in more detail below.
The quality of the individual fits to the data, as well as the independence of the fitted parameters from the emission wavelength (data not shown), indicates that the transitions are wellapproximated by a two state model and that the ∆G 0 U→F obtained for each construct represents a reasonable estimate of the thermodynamic stability difference between the unfolded state and a TMAO-induced folded state. The importance of this conclusion becomes clear when the apparent stabilities for the different constructs are compared.
For example, the change in the apparent folding/unfolding free energy, ∆G 0 U→F, from 10.1 to 7.6 kcal/mol upon truncation of residues 1-97 indicates that removing the first 97 residues actually stabilizes the folded state of the protein. This result is in stark contrast to what might be expected when amino acids are deleted from a protein. Namely, deletion of amino acids generally destabilizes the folded states of proteins. However, as discussed below, this result portends an important organizational relationship between the extreme N terminus and the core region of NTD, and suggests a regulation strategy that may be unique to ID proteins.
Protease protection assay validates the rank order of stability estimates from TMAO folding of the GR A-NTD, GR C2-NTD and GR C3-NTD constructs -
The stability measurements obtained from TMAO-induced folding provide an estimate of the extrapolated stability of the folded state under high TMAO conditions. To determine whether the apparent free energies from Table I are reporting on the relative stabilities of the unfolded proteins in the absence of TMAO, limited trypsin digestions of GR A-NTD, GR C2-NTD and GR C3-NTD were performed (Fig.3) . A hallmark feature of ID proteins in vitro is their high intrinsic sensitivity to protease digestion (32) . Thus, as expected, all three constructs are highly sensitive to trypsin. After 5 min. with a protein:trypsin mass ratio of 1000:1 at 22˚C, significant degradation could be observed for all three constructs, with complete digestion being reached at approximately 30 min. Comparing the trypsin sensitivity among the three isoforms in the absence of TMAO, however, reveals that GR A-NTD is the most sensitive while GR C3-NTD is the least sensitive, a result that is consistent with the rank order of stabilities obtained from the TMAO folding experiments (Table I) : GR C3-NTD is 1.3 kcal/mol more stable than GR C2-NTD, and 2.5 kcal/mol more stable than GR A-NTD. In short, both the apparent free energies and the sensitivities to trypsin digestion for GR A-NTD, GR C2-NTD and GR C3-NTD indicate that truncation of successive increments of amino acids from the extreme N-terminus of GR incrementally stabilizes the folded state of the remaining NTD residues, and that the stabilization adequately reflects the impact of the truncation on the propensity to form structure under native conditions.
The folded states of GR NTDs induced by TMAO are thermodynamically similar to globular proteins of similar length -The apparent two-state nature of the fits in Fig.2 provides additional information. Specifically, the m-values for the three GR NTDs obtained from the fits (Table 1) can be quantitatively compared to m-values obtained for other proteins. According to the linear extrapolation model (26) , the stability of the protein at any osmolyte concentration, ∆G U→F (C TMAO ), can be described by the linear expression;
(1)
where ΔG o U->F is the intercept of the line and corresponds to the stability in the absence of osmolyte, and m (i.e., the m-value) is the slope of the denaturant dependence.
Importantly, for transitions that are known to be two-state, the mvalue has been shown to be proportional to the amount of surface area that is buried upon folding the protein, which correlates with the protein sequence length (29) . For denaturant-induced unfolding (i.e., urea or guanidine hydrochloride), the linear relationship between m-value and protein chain length has been established for known globular proteins (33) . Shown in Table 1 are also shown. Of note is that the data for all three GR NTD isoforms are well described by the same line that relates the folded globular proteins to their m-values. In fact, all seven data points could be fit to a line with a correlation coefficient of R 2 =0.97. The importance of this result is two-fold. First, it supports the conclusion that the various isoforms (i.e., GR A-NTD, GR C2-NTD and GR C3-NTD) each undergoes folding transitions wherein the bulk of the surface area burial is occurring in a cooperative two-state manner with increasing TMAO concentration, thus supporting our original inference.
Second, the fact that the GR NTD constructs and the known globular proteins could be fit to the same linear relationship indicates that TMAO affects the folded and unfolded states of ID and globular proteins to the same relative degree, on a per amino acid basis (12) . This surprising result strongly suggests that the full length NTD and the two truncated translational isoforms are able to adopt native folds that are thermodynamically similar, in terms of surface area burial, to those adopted by globular proteins.
We note that TMAO-induced m-values appear to be primarily determined by energetically unfavorable interactions between TMAO and the peptide backbone, and are expected to be affected to a lesser degree by side chain contributions (12) . This expectation is especially important given that ID proteins have more charged residues, less hydrophobic residues and lower sequence complexity compared with globular proteins (3,4) , differences that could potentially undermine the interpretation that the similarity in m-value reflects similar backbone burial. To test whether the sequence differences between ID and globular proteins would dramatically impact the measured m-value, simulated m-values for a database of globular proteins were computed using artificial sequences generated in two ways. First, sequences were generated using property-based similarity (using BLOSUM62 (30) ).
This produced sequences with similar properties to the parent structure, but with the amino acid usage characteristic of globular proteins.
Second, sequences were generated by randomly assigning amino acids to positions keeping the distributions consistent with ID proteins (31). As Fig. 4B reveals, regardless of the model chosen, the amino acid composition does not dramatically impact the expected m-value.
The importance of the results presented in Fig 4B is two-fold. First, they reveal that sequence differences between globular and ID proteins are not a strong determinant of the measured mvalues, and thus validates the apparent similarity between the folded states of globular and ID proteins inferred from m-values. Specifically, approximately 75% of the m-value contributions from an average globular protein arise from the backbone while the remaining 25% stems from the specific side chains (Table S1 ). Second, and perhaps most important, they provide an important new tool to quantitatively compare the folded or native state(s) of both ID and globular proteins. To date, attempts to study differences between globular and ID proteins have focused on the unfolded states (36), a bias that stems from the uncertainty as to whether all ID proteins must fold in order to function, and the difficulty in identifying conditions that can facilitate folding for those ID proteins. Until now, such factors have undermined the idea that ID proteins have the capacity to adopt folded structures similar to their globular counterparts, or that the thermodynamics of globular and ID proteins could even be quantitatively compared.
The uniqueness of the results for the full length NTD and the two truncation isoforms can be further demonstrated by noting that not all ID regions undergo osmolyte-induced cooperative two-state transitions. For example, TMAO induced folding transition of the sequence corresponding to only the AF1 region of GR (i.e., GR 77-262) results in an m-value that deviates significantly from the value expected for a twostate transition. The m-value for the AF1 construct we report here m=1.4±0.2 kcal/(mol*M), which was obtained in a similar manner to the GR A-NTD, GR C2-NTD, and GR C3-NTD (Supplemental Fig. 1 ), is in quantitative agreement with the previously reported m-value of 1.6±0.3 kcal/(mol*M) (37) . As can be inferred from the line in Fig.4 , however, the expected m-value for a protein with 186 amino acids (i.e., 77-262) undergoing a cooperative two-state transition in TMAO is ~4.0 kcal/(mol*M), a value that is significantly greater than the experimental value. The dramatically lower than expected m-value indicates that an equilibrium intermediate (I) state (or states) is being populated during the folding transition (38) . A consequence of the presence of an intermediate(s) (which makes the transition (at least) three state) is that the fitted ∆G 0 U→F for the construct corresponding to the AF1 region cannot be interpreted (because the two-state assumption is invalid) as a true measure of the stability difference between the folded and ID states, nor can the m-value be interpreted in terms of surface area burial (as determined by Fig. 4) . Only in the case where the transition is well approximated as two-state can the m-value be interpreted in terms of surface area.
Thus, the fact that: i) the fitted parameters for each NTD construct studied here are independent of wavelength, and ii) the m-values correspond (within error) to what would be expected for the folding of proteins of the respective sizes, strongly suggests that each translational isoform is undergoing a transition into a globular protein-like fold that buries the majority of backbone surface area in a cooperative two-state manner (12) , and that the free energies reported in Table 1 provide a reasonable representation of the stabilities of those folds. What role, if any, such fully folded states play in function is not known. Table I is also suggestive of a unique thermodynamic architecture and regulation strategy for GR activity.
Full length GR NTD contains at least two distinct thermodynamically coupled regions -The stability data in
As noted, the functionally defined AF1 region is mapped to residues 77-262 within the NTD of human GR, and is indispensable for its maximal transcriptional activity (16) . However, the role of the remaining ID sequence of the NTD is not known. Previous studies, which shows that binding of GR AF1 to TATA box-binding protein (TBP) induces structure in the AF1 (10), suggests that the folded conformation of GR AF1 is a functionally important state. Indeed, consistent with this hypothesis is the observation that the stabilities of the various translation isoforms of GR from Table  1 are correlated with activity of the corresponding full-length constructs (19) (Fig. 5) . The truncated isoform with the highest stability (i.e. the C3 isoform) also has the highest activity. These results are consistent with a coupled folding/binding mechanism for activity (Supplemental Appendix), although the precise role this coupling plays in the activity of the fulllength construct remains an open question.
Nonetheless, due to the fact that the activity of GR can be linked to at least a subset of the residues between 98 and 420 (i.e. within the GR C3-DBD), the GR NTD can be viewed as having at least two functionally important regions, which we operationally define as an F (for functional) and an R (for regulatory) region. The F region is so defined because it contains the co-factor binding or AF1 sites (as noted above). As a consequence of the observation that truncating different size segments of the first 97 amino acids can modulate the stability of the remaining ID NTD, GR1-97 can be viewed as a variable sized regulatory R region (Fig.6A) . Removing a portion of the R region (i.e., GR 1-89) results in an increase in stability (and activity) for the functional domain, while removing the entire R region (i.e. GR 1-97) results in maximal stability and activity. This behavior (i.e. increasing stability by removing sequence segments) appears to end once truncation proceeds into the F region (presumably because the specific functionally important sites are removed). Indeed, sequence alignment of GR from different species (Supplemental Fig. 2 ) reveals multiple conserved translation start sites within the first 97 amino acids (but none between 97 and 316), suggesting that the proposed functional division within the GR NTDs is conserved across different species, and not limited to humans. Importantly, the folding data for the various isoforms (Fig. 2) can be used to show that the F and R regions are thermodynamically negatively coupled. Using a simple cooperative ensemble allosteric model previously described (39) , the experimental folding free energies for the different constructs can be used to deduce the stability of the component parts. Shown in Figure 6A , is a schematic representation of the NTD ensemble that would result if the NTD was indeed composed of two domains. We note that for a two-domain protein, there are four possible states, representing folding and unfolding of each domain, both with and without the other domain. Shown also in the figure are the relative stabilities, statistical weights and probabilities for each state. The quintessential feature of this model, which is the reason that each domain can "sense" the other, is that the free energy of each state relative to the reference state is the free energy of unfolding each domain (i.e., ∆G R or ∆G F ), plus the energy involved in breaking the interactions between the domains, ∆g int.
In the case where ∆g int = 0, there is no coupling and the domains act simply as if they are tethered. However, if ∆g int ≠ 0, the unfolding of one domain will necessarily affect the stability of the state with the remaining domain folded (40) . In the case where ∆g int > 0, the two domains are positively coupled because the unfolding of just one domain results in an energetic penalty that makes the state with the one remaining domain less stable. If this were the case, removing one domain (such as was done in the C3 construct) would result in an apparent decrease in the stability of the second domain. In the case where ∆g int < 0, on the other hand, the two domains would be negatively coupled, meaning that the presence of each domain would act to destabilize the other domain. If this were the case, removing one domain would result in an apparent stabilization of the remaining domain. As both the stability (Fig. 2 and Table I ) and the protease sensitivity (Fig. 3) results indicate, the latter scenario appears to be valid. Removal of the R domain indeed stabilizes the F domain, indicating that the F and R domains are negatively coupled. More quantitative and mechanistic insight can be gained however, by reanalyzing the data in Fig. 2 to the model shown in Figure 6A in order to obtain estimates of the intrinsic stabilities and interaction energies (i.e., ∆G R , ∆G F and ∆g int ).
To facilitate this end, we note that the stability of the F region can be directly obtained from the TMAO-induced folding of the C3 construct. The value of ∆G F = -∆G 0 U→F (GR C3-NTD) = -7.6 kcal/mol indicates that the F domain is significantly unstable in isolation, which is the expected result given the ID nature of this protein.
Determination of the stability of the R domain is less straightforward. The small size (97 a.a.) and the lack of Trp residues in this region make it impossible to observe and thus thermodynamically characterize a cooperative transition to a fully folded state with TMAO (as done with the F region). Nonetheless, the CD signal of the GR1-97 construct (in the absence of TMAO) provides an important clue about the range of possible stabilities of the R domain. As shown in Figure 7 , the relative CD signals at 200 and 222 nm for the GR 1-97 construct places it somewhere between the average signal for folded and ID proteins (36, 41) . This point is important because it reveals the presence of residual structure, even in the absence of TMAO. In thermodynamic terms, this means that the stability of the R domain is such that both folded and disordered states must be populated to a significant degree. As only a narrow window of stability values allows for both folded and unfolded species to co-exist in substantial quantities simultaneously (i.e., ~-1.5 < ∆G R < ~1.5 kcal/mol), to a first approximation the folded and unfolded states can be estimated to be equally probable (i.e, ∆G R~ 0 kcal/mol).
Using these estimates for the stabilities of the F and R domains (i.e., ∆G F = -7.6 kcal/mol and ∆G R = 0 kcal/mol are fixed), the data for the TMAO dependence of the fluorescence of GR A-NTD can be fitted to obtain an estimate of the interaction energy. The fitted value of ∆g int in the absence of TMAO (∆g o int = -3.0 + 1.0 kcal/mol) indicates that the F and R domains are indeed negatively coupled, and that the parameters are able to accurately reproduce both the GR A-NTD and GR C3-NTD TMAO refolding curves (Fig. 6B) , which differ dramatically in their apparent steepness (i.e. the m-value for the GR A-NTD is considerably higher than that of the GR C3-NTD (Table 1) ). We also note that the results are not qualitatively sensitive to the precise value of ∆G R ; systematically varying the magnitude between -1.0 and 1.5 kcal/mol nonetheless results in a negative ∆g int .
As expected, the free energy profiles of the different species from Figure 6A reveal that the lowest energy state is the one in which the F region is disordered (Figs. 6C&D) . Inspection of the denaturant dependences of the stabilities of the various states in the 2-domain model (Fig. 6D ) reveals the underlying basis for the stability increase upon truncation. In the case of the full length GR A-NTD, the F domain is unstable by 7.6 kcal/mol, and there is approximately no difference in energy between the folded and unfolded states of the R domain (Fig. 6C) . However, because the stability of fully disordered state in the GR A-NTD is the sum of the stabilities of the F and R domains and their interaction energies (i.e.∆G 0 F→U (GR A-NTD) = ∆G U = ∆G F + ∆G R + ∆g int = -10.1 kcal/mol), the apparent stability of the F region will depend on whether it is coupled to the stability of the R region. This is shown in Figure 6C and D. As noted, the stability of the F region, ∆G F , is -7.6 kcal/mol in isolation. For the apparent stability to increase in the presence of the R domain (i.e. for .∆G 0 F→U to be less negative) the sum of the contributions of the stability of the R domain and the interaction energy must be positive (i.e., ∆G R + ∆g int > 0). For the stability to decrease, on the other hand, the sum must be negative (i.e., ∆G R + ∆g int < 0). As the results presented in Figures 2, 3 and 6 clearly indicate, the full-length construct is considerably less stable than the truncated form. In short, the results reveal that by coupling the stabilities of domains that are unstable in isolation, ID molecules can effectively tune the stabilities of folded (and presumably active) forms of the molecule.
DISCUSSION
The results presented here show that thermodynamic coupling does exist between different regions of the disordered NTD of GR, allowing truncation of the extreme N-terminus to modulate the stability of the functionally important AF1 region when the NTD is studied in isolation. Of course, how this stability tuning is manifested at the level of the full length GR (which also contains the DBD and LBD), remains an open question. Nonetheless, the results presented here provide significant insight into the organizing principles describing how changes in one domain can affect structure, stability and activity in other domains, principles that in many ways are more clear when presented in the context of allosteric communication in ID proteins.
For more than 40 years, allostery has been described in terms of two classic models; Monod, Wyman and Changeaux [MWC] (42) and Koshland, Nemethy, Filmer [KNF] (43) . Both models describe the quantitative relationship between ligand binding at two different coupled sites. A fundamental limitation of both models, however, is that they provide little insight into the energetic determinants for "how" the coupling is facilitated. Are there ground rules that determine whether binding at one site can facilitate an affinity change at the second site?
In other words, are there quantitative energetic relationships that must exist in order to propagate signal from one site to another?
Recently, this question was addressed by recasting allostery in terms of the ensemble of the high and low affinity states for each domain (39, 44) . The results revealed that allosteric phenomena (at least those under thermodynamic control) are a manifestation of a set of energetic ground rules that govern whether conformational changes can be propagated to distal sites (39, 44) . In the context of these ground rules, allostery is determined by, i) the local conformational equilibria in each region, ii) the intrinsic ligand affinity at each site, iii) the ligand concentrations, and iv) the coupling energies between those local equilibria (39, 44) . In essence, allostery can be described in terms of the types of energetic parameters determined in this study.
An important implication of this realization is the notion that allostery can evolve in systems that lack unique structure, just as easily as it can evolve in ordered, folded structures. This observation stands in stark contrast to the classic structural view of allostery that has emerged over the past 50 years of structural biology research (45) . According to structural view, site-to-site coupling results from ligand-induced structural changes that propagate from one site to the other, presumably as a series (or pathway) of structural distortions that can be more or less ascertained through an inspection of the high resolution structure. The theoretical, as well as experimental, realization that simply changing the breadth of conformational distributions, without significant changes in average position of atoms, can nonetheless affect allostery (46) (47) (48) (49) (50) , reveals an entirely new spectrum of possible regulatory strategies available to proteins.
Indeed, the regulatory strategy apparently at play in the GR system reveals an efficient mechanism of 'overdesign'. As the stability and activity results show, the full length GR is designed to operate at less than half of the potential maximum activity (Fig.  5) .
Much in the same way that the activity of a folded allosteric protein may be tuned by stabilization of its active conformation (through phosphorylation, binding of ligands, pH changes, etc,), disordered proteins can achieve the same ends by merely removing sequence segments. Interestingly, although seemingly much different from allosteric mechanisms employed by folded proteins (i.e. a ligand-induced change in the structure of the active site), the ID mediated strategy outlined here reveals the universality of the principles at play in all (thermodynamically controlled) allosteric systems. In the case of allostery within folded proteins, the allosteric ligand binds to the active state of the molecule, thus stabilizing it. In the mechanism described here, the active, folded state of the F region is affected not by mutational changes that directly stabilize the folded state, but by removing residues that stabilize the unfolded state (i.e., that destabilize the folded state). In this respect, although the underlying principles governing signaling in folded and ID allosteric systems are the same (i.e., the relative stability of active state must be increased), ID proteins appear to have capitalized on an alternative approach to achieving those ends. It should be noted however, that traditional modes of inducing allosteric effects (i.e., binding ligands, post-translational modification, etc), may also be at play in GR. In fact, recent work has shown that phosphorylation of the AF1 region of NTD can also be used to tune the activity of GR (51), thus demonstrating that many of the same thermodynamic strategies utilized for signal propagation in folded proteins can also be applied to ID proteins.
We also note once again, that the analysis described here was performed on the isolated NTD. The presence of the DNA binding (DBD) and ligand binding (LBD) domains may also be coupled to the R and F regions of the NTD, as well as to each other. As described elsewhere, couplings between three or more domains can potentiate a wide range of regulatory strategies that can even involve a conversion from activation to repression and vice versa (44) .
Thus, an understanding of the energetics of the DBD and LBD and their coupling to the NTD are essential to an understanding of how the functional division within the NTD described here will be manifested in the overall functional response of the protein. These studies are currently underway.
In conclusion, based on well-established criteria for determining cooperativity of folding-unfolding transitions (i.e., insensitivity of the extrapolated thermodynamic parameters to the observables being monitored; the comparability of the m-value to that of a globular protein of similar size), the ID NTDs of three GR translational isoforms are found to cooperatively fold into stable folded structures when induced by TMAO. The folded conformations are thermodynamically indistinguishable from folded native states of globular proteins based on m-value comparison. The correlation between the activity of each isoform and the stability of their ID NTDs supports previous conclusions (10) that the folded state is needed for transcriptional activation. functional (F) and a regulatory (R) region that vary in their boundaries. For GR, the F and R regions are thermodynamically negatively coupled, a situation that provides a regulatory strategy possibly unique to ID proteins. Truncation of the R region results in a corresponding increase in the stability of the remaining ID NTD, and an increase in its transcriptional activity. These results are suggestive of a general paradigm for allosteric control, whereby the folding of disordered protein regions can control and be controlled by the folding of other ID regions (52, 53) . This strategy provides proteins with a general mechanism that can be employed within all disordered segments, perhaps answering why ID sequences are found in such abundance in transcription factors and other cell signaling proteins (2).
FIGURE 2. TMAO induced conformational transitions of GR A-NTD (open squares), GR C2-NTD (open circles)
, and GR C3-NTD (open triangles) monitored by tryptophan emission fluorescence intensity at 338nm with excitation at 295nm. Fluorescence emission intensity at each TMAO concentration was normalized to that at 0M TMAO concentration. The folding experiments were performed at 22°C with protein concentration 0.5µM. Nonlinear least squares fits to two-state transitions using the linear extrapolation method (LEM) were carried out for each construct (solid line). The best fit thermodynamic parameters are shown in Table 1 . Inset: GR A-NTD fluorescence emission spectrum with excitation at 295nm in 0M TMAO with λ max at 348nm (solid line) and in 2.2M TMAO with λ max at 338nm (dashed line). FIGURE 3. Protease protection assays for GR A-NTD, GR C2-NTD and GR C3-NTD. Trypsin digestions were performed at protein (1mg/mL):trypsin mass ratio 1000:1, at 22°C in 10mM HEPES,80mM NaCl, 1mM EDTA and 10% glycerol buffer ( pH 7.6) for 0min, 5min, 10min and 30min, respectively. After quenching, 45µg samples from each time point were separated on 4-15% Tris-HCl gels with SDS-Tris-Glycine gel running buffer. Table  S1 ), the relatively minor differences in amino acid usage between ID and globular proteins amount to only a small fraction of the computed m-value. For comparison, GR A-NTD, GR C2-NTD, and GR C3-NTD are depicted as the unfilled triangle, circle, and square respectively. 
FIGURE 7.
Analysis of the circular dichroism data for the R region (GR1-97) in terms of ∆ε 222nm vs. ∆ε 200nm supports the conclusion that the R region in isolation is marginally stable, even in the absence of TMAO. Open triangles represent the data from the Protein Circular Dichroism Data Bank (41) , and open circles represent the data from (36) . Filled star, triangle and circle are the data for GR A-NTD, C2-NTD and C3-NTD, respectively, measured in this study. The filled square represents the data for GR 1-97, which is midway between the clusters for ID and globular folded proteins. 
